Introduction
Nowadays, energy required for the chemical industry is based mainly in fuels such as petroleum and coal; nevertheless, owing to economic and strategic considerations, research is focused on new alternatives for the synthesis of chemical substances. Fermentative production of solvents derived from cellulose wastes and prime material with high concentrations of starch or glucose may provide significant economical and technological benefits.
One of the processes of great biotechnological interest is acetobutylic fermentation, where the products obtained include butanol, acetone, and ethanol, and therefore it is also known as ABE fermentation. Although some decades ago, the butanol produced by fermentation could not compete with petrochemically derived butanol, it has attracted increasing interest because of the fluctuation of global petroleum prices and the uncertainty of future raw oil supply. As a biofuel, butanol is more valuable than ethanol, as it has desirable properties, which include higher energy content, higher boiling point, and a reduced need to modify combustion energies; in addition, it has applications in food and plastic industries, among others [26] . The ABE fermentation process may be carried out by bacteria of the genus Clostridium. Several butanol-producing strains have been reported, including Clostridium acetobutylicum P262 (renamed as C. saccharobutylicum), C. acetobutylicum ATCC 824, C. acetobutylicum NRRL B643, C. acetobutylicum B18, C. beijerinckii P260, C. beijerinckii BA101, C. beijerinckii LMD 27.6, C. butylicum, C. aurantibutyricum, and C. tetanomorphum [16] .
The economics of butanol production by fermentation is affected by several factors; one of the most important is the cost of the substrate, and thus the availability of Cassava constitutes an abundant substrate in tropical regions. The production of butanol in ABE fermentation by Clostridium beijerinckii BA101 using cassava flour (CF) was scaled-up to bioreactor level (5 L). Optimized fermentation conditions were applied; that is, 40 o C, 60 g/l CF, and enzymatic pretreatment of the substrate. The batch fermentation profile presented an acidogenic phase for the first 24 h and a solventogenic phase afterwards. An average of 37.01 g/l ABE was produced after 83 h, with a productivity of 0.446 g/l/h. Butanol production was 25.71 g/l with a productivity of 0.310 g/l/h, high or similar to analogous batch processes described for other substrates. Solvent separation by different combinations of fractioned and azeotropic distillation and liquid-liquid separation were assessed to evaluate energetic and economic costs in downstream processing. Results suggest that the use of cassava as a substrate in ABE fermentation could be a cost-effective way of producing butanol in tropical regions.
Keywords: Butanol, ABE fermentation, cassava, Clostridium beijerinckii, hydrolysis
inexpensive raw materials is necessary to develop an economically feasible process. To date, butanol production has been evaluated with multiple substrates such as maltodextrin, wheat straw hydrolysate, corn-derived waste, packing peanuts, and soy molasses [4, 9, 17, 18, 22] . However, other potential substrates, especially from tropical regions, have been overlooked. In this respect, the most abundantly available, costeffective raw materials used for the fermentation industry are starchy materials [25] . Cassava (Manihot esculenta) is an important source of food and calories for the population of tropical countries in Asia, Africa, and Latin America [13] , where it is basic food for more than 700 million people, thus ranking as the world's sixth most important food crop [24] . World production reached 162 million ton in 1998, with Africa being the largest producer (53%), followed by Asia (29%) and Latin America (18%). About 60% of the cassava produced is employed for human consumption, whereas 33% is used in the animal food industry and only 7% by industries, including textile, paper, and fermentation [13] . Despite its small size, Costa Rica has an important production of cassava, with crops yielding between 60 and 98 ton/ha. The remarkable capacity of cassava to adapt to different agro-ecological conditions and its non-requirement of specific growth conditions permit the cultivation of cassava all year round in Costa Rican territory and potentially in any lowland, although current production takes place mostly in the northern and Atlantic regions. Therefore, and considering its high starch content (20%-25%, wet basis), cassava is a promising crop for biofuel production from renewable resources. Interest in the use of cassava to produce butanol is quite recent, with only a few reports in the last 4 years [6, 11, 12, 25, 26] .
One of the most significant challenges faced by commercial butanol fermentation was the prohibitive cost of the recovery of butanol from broth, due both to its low concentration and higher boiling point than water [20] . At such low concentration of solvents, the energy required for butanol separation by traditional distillation is higher than the energy content of the product itself [5] . Productremoval techniques, including gas stripping, adsorption, liquid-liquid extraction, pervaporation, and reverse osmosis, have been described [16] . However, the downstream process is still a challenge to obtain a sustainable process.
This paper aimed to describe the butanol production from cassava flour (CF) fermentation at a laboratory bioreactor scale, with Clostridium beijerincki BA101, a butanolhyperproducing strain generated by chemical mutagenesis [1] . Although this strain has been used with several substrates, only one previous study employs cassava [12] , but at a flask scale. This is the first report of ABE production with cassava and C. beijerinckii BA101 at a reactor scale. The efficiency of butanol recovery by means of several combinations of conventional methods is also presented.
Materials and Methods

Bacterial Strain and Inoculum Preparation
The hyperbutanol-producing strain C. beijerinckii BA101, acquired from the American Type Culture Collection (ATCC), code ATCC PTA-1550, was employed in the fermentation studies. Aliquots of 0.1 ml of spore solution were transferred to tubes containing thioglycolate broth (Scharlau, Barcelona, Spain). Inoculums were prepared by heat shocking the tubes for 5 min at 80 
CF Production
Cassava roots (Mangi variety) were obtained from La Garita, Alajuela, Costa Rica. CF was produced as described by Lépiz-Aguilar et al. [11] .
CF Hydrolysis
CF was hydrolyzed by means of enzymatic treatment. Adequate amounts of CF were soaked in distilled water to obtain a suspension of 60 g/l CF. Enzymatic hydrolysis consisted of two steps: liquefaction and saccharification. Prior to liquefaction, CF suspensions were supplemented with CaCl 2 (1 g/l) to obtain a concentration of 40 mg-Ca/l and the pH was adjusted to 6.5 with 1 M NaOH. For liquefaction, flasks were placed in a bath shaker (150 rpm) at 93 o C, and α-amylase (Termamyl, 120 KNU/g; Novozymes Corp., Denmark) was added at 1 ml/kg starch. The enzymatic reaction was carried out for 2 h, followed by cooling in a water bath and a decrease in pH to 4.5 with 1 M HCl. Next, saccharification was performed by adding β-glucoamylase (amyloglucosidase, 300 AGU/ml; Novozymes Corp.) at 1.7 ml/kg starch and mixing in a bath shaker (150 rpm) for 6 h at 60 
Bioreactor and Fermentation Conditions
Fermentations were conducted in batch mode in a 5 L bioreactor (Electrolab Inc., USA) containing an effective volume of 4 L and 60 g/l hydrolyzed CF. The filled reactor was autoclaved at 121 o C for 20 min. Upon cooling at room temperature and under oxygen-free nitrogen gas conditions (flux ~69 kPa), filter-sterilized P2 medium stock solutions (buffer: KH 2 PO 4 , 50 g/l; K 2 HPO 4 , 50 g/l; ammonium acetate, 220 g/l; vitamin: para-aminobenzoic acid, 0.1 g/l; thiamin, 0.1 g/l; biotin, 0.001 g/l; mineral: MgSO 4 ·7H 2 O, 20 g/l; MnSO 4 H 2 O, 1 g/l; FeSO 4 ·7H 2 O, 1 g/l; NaCl, 1 g/l [9]) were added (10 ml each per 970 ml of hydrolyzed CF solution). In order to remove the air by atmosphere-displacing, a N 2 flux (~69 kPa)
